Reductive dehalogenases (RDases) of organohalide-respiring bacteria are cobamide-containing iron-sulfur proteins that catalyze different reductive dehalogenation reactions. Here, we report a functional analysis of two recombinant RDases, the tetrachloroethene (PCE) reductive dehalogenase (PceA) of Desulfitobacterium hafniense Y51 and the 1,2-dichloroethane (1,2-DCA) reductive dehalogenase (DcaA) of Desulfitobacterium dichloroeliminans DCA1. Both enzymes share 88% protein sequence identity, but appeared to have divergent mechanisms. In this study, the heterologously produced DcaA converted 1,2-DCA and 1,1,2-trichloroethane (1,1,2-TCA) via dihaloelimination to ethene and vinyl chloride, respectively. In addition, halogen substitution at PCE, trichloroethene (TCE) and tribromoethene (TBE) was observed, but only at low rates. In contrast, recombinant PceA exclusively converted halogenated ethenes and showed no dihaloelimination activity. In silico structural analysis of both RDases revealed similar architectures of their active site cavities. Exchange of the highly conserved Tyr298 to Phe led to a complete loss of the PCE, TCE and TBE conversion by both RDases, strengthening the assumption that Tyr298 functions as proton donor in the course of halogen substitution. The exchange did not affect the ability of DcaA to convert 1,2-DCA and 1,1,2-TCA. This result makes the involvement of a proton transfer in the dihaloelimination reaction unlikely and allows for a clear differentiation between two mechanisms working in DcaA and PceA. The analysis of the role of the active site structure for RDase function was extended to the mutations W118F that had a negative effect on DcaA function and W432F or T294V that caused alterations in the substrate specificity of the enzyme.
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Introduction
Chlorinated ethenes and ethanes are listed among the most frequently detected and prioritized groundwater contaminants and are, therefore, in the focus of remediation attempts [1, 2] . Biological degradation of halogenated contaminants at anoxic sites relies on microbial activity. Their utilization as electron acceptors by microbes is enabled by reductive dehalogenase (RDase) enzymes that function as terminal reductases in respiratory chains [3] . These enzymes transfer electrons onto chlorinated, brominated or iodinated substrates, which leads to their dehalogenation. On one hand the enzymatic process mobilizes halogens and on the other hand increases the availability of the carbon backbone as energy and carbon source for growth of other microbes. Essential cofactors of RDases are a cobamide at the active site and two iron-sulfur clusters [4, 5] . The physiologically active form of RDases is attached to the exoplasmic face of the cytoplasmic membrane [6] [7] [8] . The cytoplasmic precursor bears an N-terminal twin arginine translocation (Tat) signal peptide [9] for membrane transport. Low growth yields of most organohalide-respiring bacteria and the presence of numerous RDase homologs in a single organism often hampered biochemical characterization of the enzymes [10, 11] . Thus, only a few representatives were characterized with regard to substrate spectrum and function [11] [12] [13] [14] [15] . Recently, protocols for functional heterologous production of RDases or nonfunctional heterologous production and subsequent reconstitution of active enzyme have been reported [5, 16, 17] . These approaches were expected to allow for an analysis of RDase substrate range and reaction mechanism. Conclusions on substrate specificities of uncharacterized RDases drawn from amino acid sequence alignments should be considered with caution. A comparison of the tetrachloroethene (perchloroethylene, PCE) RDases characterized so far showed a wide range of amino acid sequence identities from 99% to 27% [18] [19] [20] [21] [22] [23] [24] . In contrast, the PCE reductive dehalogenase (PceA) of Desulfitobacterium hafniense Y51 [24] and the 1,2-dichloroethane (1,2-DCA) reductive dehalogenase (DcaA) of Desulfitobacterium dichloroeliminans DCA1 [25] share 88% identity, but show different substrate preferences and might even perform different types of reactions. Desulfitobacterium dichloroeliminans DCA1 has been shown to grow on halogenated alkanes such as 1,2-DCA, which was converted to ethene via dihaloelimination/ vicinal reduction [26] (Fig. 1 ). H 2 , formate or lactate served as electron donor. In the presence of H 2 or formate, acetate was added as carbon source.
1,1,2-trichloroethane (TCA) replaced 1,2-DCA as alternative electron acceptor during growth, while tetra-, penta-and hexachloroethanes or halogenated ethenes were not utilized. The dcaA gene was identified by Daffonchio et al. (2007) [25] , but the DcaA protein was not purified and characterized. PceA of D. hafniense Y51 appeared to be specialized on chloroethenes [24] . PCE is converted via trichloroethene (TCE) to cis-1,2-dichloroethene (cis-1,2-DCE). Single chlorine substituents are replaced by hydrogen atoms in substitution reactions (Fig. 1) . The vinyl chloride (VC) RDase of Dehalococcoides mccartyi VS performs both, halogen substitution and dihaloelimination [17] ; 1,1-DCE and VC were dehalogenated via halogen substitution and 1,2-DCA via dihaloelimination. The structural determinants that decide upon the fate of the substrate are not known for any of these RDases.
In general, cobamide-dependent enzymatic reductive dehalogenation requires the superreduced [Co I ]-state for the initial attack onto the substrate [4, 5, 27, 28] . The two cubane iron-sulfur clusters are proposed to be involved in the intramolecular electron transfer to the active site. Structural analysis of PceA from Sulfurospirillum multivorans (PceA Smul ) and the orthodibromophenol reductive dehalogenase (NpRdhA) from Nitratireductor pacificus pH-3B showed the two [4Fe-4S] clusters located in a row between the active site harboring the cobamide cofactor and the protein surface allowing for the uptake of electrons from an external electron donor [4, 5] . The proton required for halogen substitution was suggested to be donated from a highly conserved tyrosine residue located in close proximity to the substrate-binding site [4, 5] . Exchange of the Tyr by Phe in NpRdhA completely hampered its dehalogenating activity when 3,5-dibromo-4-hydroxybenzoate was used as substrate for halogen substitution. Whether proton transfer is also involved in dihaloelimination remains to be elucidated. According to the equation of the overall reaction (Fig. 1B,  reaction I ), protons might be dispensable. However, a two-step catalysis combining the b-elimination of one halogen and the substitution of another halogen, which would require a proton transfer, is also feasible (Fig. 1B, reactions II and III) .
Here, we report on the investigation of the molecular basis for halogen substitution and dihaloelimination reactions. So far, organohalide-respiring bacteria and their RDase genes cannot be genetically modified. However, recently a platform for functional heterologous production of PceA from D. hafniense Y51 in Shimwellia blattae was described [16] . In this study, the expression system was optimized for the functional production of the cytoplasmic precursor of PceA and of DcaA of D. dichloroeliminans DCA1. By determining the substrate range of both enzymes and the exchange of the potential proton-donating tyrosine, the two types of cobamide-mediated reductive dehalogenation reactions have been clearly delineated from each other as two different mechanisms. Based on in silico structural models of DcaA and PceA, sitedirected mutagenesis was applied to unravel the functional role of amino acids forming the active site and having direct influence on the conversion of the substrate.
Results and Discussion
Functional heterologous production of DcaA and PceA
For the characterization of DcaA from D. dichloroeliminans DCA1 and its comparison with PceA from D. hafniense Y51, DcaA was tested for functional heterologous production in accordance to a protocol established earlier for the formation of catalytically active PceA [16] . The coexpression of RDases from D. hafniense strains with their corresponding triggerfactor-like chaperones RdhTs was shown to increase the production of soluble protein [16, 29] and expected to ensure accurate folding of the RDases [29, 30] . Therefore, DcaA was produced together with its dedicated chaperone DcaT [25] in S. blattae. DcaA activity was tested in crude extract of the S. blattae cells using 1,2-DCA as substrate. The protein was detected by SDS/PAGE and subsequent immunological analysis.
In first experiments of this survey, the dcaA gene, bearing a Strep-tag encoding sequence at the 3 0 -end, and the nontagged dcaT gene were expressed from two separate plasmids. Dimethylbenzimidazole (DMB) and hydroxocobalamin (OH-B 12 ) were added to the growth medium in order to support the cobamide cofactor supply. Under these conditions, a 1,2-DCA conversion rate of 1.5 nkatÁmg À1 cell protein was measured in crude extract of cells harvested 6 h after induction of protein production. The DcaA activity was increased to 2.5 nkatÁmg À1 cell protein by cloning the dcaA and the dcaT gene onto a single plasmid, extending the cultivation time after induction of gene expression from 6 to 18 h, and cultivating S. blattae (Strep-dcaApdcaT) in the presence of 5-methoxybenzimidazole (OMeBza) instead of DMB plus OH-B 12 .
The presence of 5-OMeBza (10 lM) rather than DMB in the growth medium increased both, the amount of DcaA protein and also the specific DcaA activity in the crude extract. Cobamide purification and identification revealed the formation of methoxybenzimidazolyl-cobamide under these conditions, which might be supportive for DcaA production and maturation. Predictions on the flexibility or restrictiveness of DcaA in cobamide cofactor utilization could not have been made, since nothing is known yet about cobamide production in D. dichloroeliminans DCA1. To prevent the presence of two different cobamides in the expression host, OH-B 12 was omitted from further cultivations of S. blattae in the presence of 5-OMeBza. The same plasmid construction was used for the expression of pceA from D. hafniense Y51. The dcaT gene was not exchanged, because the chaperone PceT Y51 [30] shares 99% protein sequence identity to DcaT [25] . In this case, cultivation of the S. blattae (Strep-pceApdcaT) strain was performed in the presence of DMB and in the absence of OH-B 12 . Cells were cultivated for 6 h after induction of gene expression, which resulted in a PceA activity of 0. 35 The substrate range of DcaA from D. dichloroeliminans DCA1 was determined using crude extract of the S. blattae (Strep-dcaApdcaT) strain. In the enzyme assay, 1,2-DCA was converted to ethene by DcaA with a specific activity of about 2.5 nkatÁmg À1 cell protein ( Fig. 2A) . VC or monochloroethane (MCA), both potential intermediates of 1,2-DCA dechlorination, was not detected. This observation is consistent with the inability of DcaA to convert VC or MCA as substrate and is also in line with earlier studies on growing cultures of D. dichloroeliminans DCA1 [26] . Taken together, these results argue against a sequential twostep reaction mechanism in which a proton transfer is involved (Fig. 1) . Besides 1,2-DCA, also 1,2-dibromoethane (DBA) was converted in crude extract. While the conversion of 1,2-DCA was strictly dependent on intact DcaA, a significant portion of the 1,2-DBA turnover was still measured (about 70%) with heat-inactivated sample. It was concluded that the active site architecture of DcaA plays a crucial role in the reductive dehalogenation of 1,2-DCA, but has only little importance for 1,2-DBA conversion. When using native or heat-inactivated crude extract of the S. blattae (Strep-pceApdcaT) strain producing PceA, ethene formation from 1,2-DBA was observed with identical turnover rates, which uncovered a complete abiotic conversion mediated by cobamides. Therefore, 1,2-DBA was excluded from further analyses. The differences in the abiotic turnover rate for 1,2-DBA measured in S. blattae (Strep-pceApdcaT) compared with the S. blattae (Strep-dcaApdcaT) strain might be explained by the production of different cobamides in both types of cells under the applied cultivation conditions. The chlorinated counterpart of 1,2-DBA, namely 1,2-DCA, was neither converted by intact PceA nor abiotically. In addition, 1,2-difluoroethane (DFA) was tested but not converted at all, neither by DcaA or PceA nor abiotically. The elevated stability of chlorinated and fluorinated compounds over brominated organohalides is based on the increase in electronegativity of the halogen substituents from bromine to fluorine and the resulting differences in the partial negative charges of the respective substituents [28, 31, 32] . DcaA also converted 1,1,2-TCA to VC via dihaloelimination that was strictly enzyme-dependent ( Fig. 2A) . In contrast, the isomer 1,1,1-TCA was not utilized, suggesting that the enzyme is not able to perform b-eliminations, where only one halide substituent is removed as a result of proton abstraction. So far, an RDase-mediated conversion of 1,1,1-TCA was only reported for chloroform RDases, which are distantly related to DcaA and PceA [14, 33, 34] . In these cases, 1,1,1-TCA was converted to 1,1-DCA and subsequently MCA via halogen substitution. However, 1,1-DCA was not detected as product in the DcaA assay. PceA was not able to convert 1,1,2-or 1,1,1-TCA, but was reported earlier to dihaloeliminate higher chlorinated alkanes such as 1,1,2,2-and 1,1,1,2-tetrachloroethane (TeCA) [24] . In the enzyme assays conducted in the study presented here, a mixture of cis-and trans-1,2-DCE was formed from 1,1,2,2-TeCA . The specific activity was determined using crude extracts of the Shimwellia blattae (Strep-dcaApdcaT) or S. blattae (StreppceApdcaT) strains. Conversion rates that were measured abiotically (heat-inactivated crude extract) are shown as shaded bars. All substrates for a dihaloelimination reaction are framed blue. Substrate conversion via halogen substitution is framed orange. The specific activities are represented as mean AE standard deviation from maximal nine biological replicates. nc, no conversion.
with an activity of 0.78 nkatÁmg À1 cell protein (Fig. 2B ). However, an even higher conversion rate was measured with heat-inactivated crude extract indicating an exclusively abiotic conversion. In crude extracts of the DcaA-producing S. blattae (Strep-dcaApdcaT), 1,1,2,2-TeCA dihaloelimination was also detected and proven to be completely enzyme-independent. Therefore, 1,1,2,2-TeCA was excluded from further analyses. All potential substrates that could have been subject to dihaloelimination catalyzed by PceA were either not converted by the enzyme or the conversion was based on a cobamide-mediated abiotic reaction. Hence, PceA appears to be optimized for the catalysis of halogen substitution. PCE and TCE were converted with specific activities of 0.35 and 0.18 nkatÁmg À1 cell protein in crude extracts of strain S. blattae (Strep-pceApdcaT).
The difference in turnover rates was most probably based on the higher apparent K m for TCE conversion compared with PCE conversion, since both substrates were added in a concentration close to the K m for TCE [24] . The product cis-1,2-DCE was not dehalogenated. The TCE analog tribromoethene (TBE) was dehalogenated to cis-1,2-dibromoethene (DBE) as end product, albeit with a 67% lower turnover rate. PceA of D. hafniense Y51 shares 98% amino acid sequence identity with PceA of D. hafniense PCE-S, which was described to dehalogenate TBE to all isomers of DBE and subsequently further to vinyl bromide and ethene [35] . It seems that the exchange of 2% of the protein sequence (11 out of 512 amino acids), spread across the whole PceA PCE-S sequence, can alter the RDase structure in a way that leads to a different substrate range and dehalogenation pattern. Interestingly, although no growth was observed upon cultivation of D. dichloroeliminans DCA1 in the presence of chlorinated ethenes as electron acceptors [26] , the DcaA protein was also able to dechlorinate PCE to TCE and further to cis-1,2-DCE with specific activities of 0.12 and 0.02 nkatÁmg À1 cell protein. TBE was converted to cis-1,2-DBE, 3.3 times faster than PCE. None of these conversions were detectable with heatinactivated crude extract. Apparently, DcaA is able to perform both halogen substitution and dihaloelimination, but appears to be specialized on the latter, while PceA seems to be restricted to halogen substitution reactions. The heterologous production of DcaA and PceA as Strep-tag fusion proteins allowed for their enrichment via affinity chromatography, although the binding efficiency was weak (shown for Strep-DcaA in Fig. 3 ). All ratios in substrate specificities measured in the crude extracts of the S. blattae (Strep-dcaApdcaT) and S. blattae (Strep-pceApdcaT) strains were also detected for the enriched DcaA and PceA and thus have been clearly attributed to the RDase proteins (data not shown). However, the low yield and the copurification of a substantial amount of DcaT hampered the definite determination of kinetic parameters for the enzymes.
In silico structural models of DcaA and PceA
To allow for the study of structural determinants in DcaA and PceA, which might be involved in either halogen substitution or dihaloelimination as well as in defining the substrate range, in silico structural models of both RDases were generated using the I-TASSER server for protein structure and function prediction [36, 37] . For this purpose, the amino acid sequences for the mature RDase proteins lacking the Tat signal peptides were used. The process of structure prediction is based on a comparative analysis of the protein sequence of interest with template proteins of similar fold or secondary structures found in the protein data bank (PDB). For each RDase, the structural model was predicted twice to test for its reliability. The model displaying the higher confidence level was chosen for DcaT was detected using specific antibodies raised against PceT of Desulfitobacterium hafniense strain Y51 (kindly provided by T. Futagami, Kagoshima University, Japan; data not shown). With the exception of the eluates, for which 2 lg protein were applied, 20 lg protein was separated on each lane.
further analysis. The selected threading templates found in the PDB library, which were used for the prediction of the RDase structures, were PceA of S. multivorans (PceA Smul ) [4] and NpRdhA of N. pacificus pH-3B [5] . Even though PceA and DcaA share only 28% and 36% overall amino acid sequence identities with PceA Smul , the RDases share high global fold similarities with an average template modeling (TM) score of 0.794, whereby a TM score of 1 describes a perfect match. NpRdhA was still assigned as a structural analog with a TM score of 0.587. Distant structural homologs outside of the RDase family were found in the epoxyqueuosine reductases from Streptococcus thermophilus (TM score 0.372) [38] and Bacillus subtilis (TM score 0.371) [39] . These enzymes are also classified within cobamide-containing iron-sulfur proteins, whereby the structural similarity to RDases is mostly limited to the mode of cofactor binding. The quality of the DcaA model was calculated with a confidence (C) score of À0.87. C scores typically range from À5 to 2 with higher values expressing higher confidence. The structure model of PceA had a C score of À1.0. Looking in detail on the residue-specific quality (RSQ) of the predictions [40] , differences in the local accuracy between single domains get obvious. RSQ values describe the estimated deviation of the residue in the generated model from the native structure. The domains responsible for binding of the cobamide cofactor and the two iron-sulfur clusters as well as amino acids involved in the formation of the substrate-binding pocket showed high local accuracies with RSQ values below 5 A (Fig. 4) . These goodquality structural models were used as basis for the investigation of structural and functional relations. In contrast, termini regions and domains involved in the formation of the substrate channel were less reliable with highly varying estimated distances of up to 24.9 A. Here, also the two separately generated models of each RDase showed major differences; hence, these parts were omitted from further analyses. In comparison to the known RDases structures of PceA Smul and NpRdhA, the metal cofactors are located at the same position in DcaA and PceA (Fig. 5A-D) . Indeed, the cofactor-binding domains are highly similar in all four RDases, while most of the differences in the protein sequences were detected in the substrate channel forming parts of the enzyme. The cobamide cofactor is positioned in the center of the protein with the active site cavity shaped by mainly aromatic amino acids above the corrin ring in DcaA or PceA (Fig. 5C,D) . The proximal iron sulfur cluster in both enzymes was located about 6 A from the cobalt ion of the cobamide and the distal iron sulfur cluster about 7.6 A (DcaA) or 4.9 A (PceA) away from the proximal cluster allowing for the sequential electron transfer to the active site. Also the residues forming the active site above the corrin ring of the cobamide cofactor are rather similar in DcaA and PceA. The highly conserved tyrosine residue, which was proposed as the putative proton donor in halogen substitution, is present in PceA (Tyr298). It might be essential for the dehalogenation of its substrates PCE, TCE and TBE. Interestingly, the tyrosine residue was located at the same position in DcaA, although dihaloelimination was proposed to be proton independent. The deprotonated tyrosine might be stabilized by the positive charge of a neighboring arginine residue highly conserved in PceA Smul [4] as well as in DcaA and PceA or a lysine in NpRdhA [5] . The Thr294 residue, which is located closely to the Tyr298 in DcaA, represents another potential proton donor in DcaA's active site. It is replaced by a valine in PceA. Two further differences become obvious when comparing DcaA and PceA. Phe124 of DcaA is replaced by Tyr124 in PceA. Although the aromatic ring of both amino acids is located in the same plane, its orientation differs in both enzymes. Nevertheless, the hydroxyl group of Tyr124 is not facing the substrate-binding pocket and no effect on substrate binding or conversion was expected for this residue. Instead of Leu438 in DcaA, a proline residue was found in PceA. However, both amino acids cannot serve as proton donors. In general, this position is highly variable among different RDases (Fig. S1 ). An asparagine residue (Asn324) is the only amino acid in the active sites of DcaA and PceA that is placing its side chain in hydrogen bonding distance of about 3.4 A to the carboxamide side chain of the cobamide, an arrangement that seems to be conserved in many other RDases (Fig. S1) , and might be involved in binding of the cobamide cofactor together with further residues of the protein backbone. The orientations of Phe31 and Trp118 in DcaA have to be considered with caution. Their RSQ values allow for precise predictions of their position in the protein backbone, while the orientation of the amino acid side chains differed in the two models generated separately.
Site-directed mutagenesis in DcaA and PceA
Based on the in silico structural models, single amino acids forming the active sites in DcaA and PceA were exchanged to study their involvement in substrate conversion. Effects on RDase production and substrate turnover were verified by immunoblot and activity measurements using the crude extract of the mutant strains. In separate cultivation experiments of the S. blattae (Strep-dcaApdcaT) strain, varying amounts of cobamide (47.2-124 nmol cobamideÁg À1 cell protein) were determined, which resulted in variations in the DcaA activities in crude extracts (Fig. 2) . However, within a single set of cultures, even when different dcaA mutant strains of S. blattae were cultivated in the same batch of medium, their cobamide content was similar. In order to allow for a direct comparison of different cultivation attempts, the S. blattae (Strep-dcaApdcaT) strain or the S. blattae (Strep-pceApdcaT) strain producing the wildtype enzymes were always included and the respective RDase activity was set as 100%.
Proton transfer
PceA was described to be specialized on halogen substitution, which requires a proton besides two electrons. The highly conserved Tyr298 is located in a position ideally suited to function as proton donor. Replacement of the Tyr298 by other potential proton donors, namely His, Thr and Ser as well as Phe, which resembles Tyr but lacks the proton donor function, completely suppressed PceA activity for halogenated ethenes. The amount of PceA produced by the cells was not affected by the mutations (Fig. 6A ). This result highlights the essential role of Tyr298 as potential proton donor during halogen substitution in PceA and is in accordance with the loss of activity in the equivalent Y426F mutant of NpRdhA, which is catalyzing halogen substitution at aryl halides [5] . The positive charge of the amino groups of a closely positioned highly conserved arginine was postulated to stabilize the deprotonated tyrosine in the course of the Fig. 6 . Site-directed mutagenesis of the highly conserved Tyr298 and Arg357 residues in PceA (A,B) and DcaA (C). Specific activities were determined in crude extracts of Shimwellia blattae mutant strains that produced modified variants of the RDases. The conversion rate for 1,2-DCA in the recombinant wild-type RDase was set to 100% and used as reference for all dihaloeliminated substrates (blue). In parallel, PCE conversion in the wild-type RDase was set to 100% and used as reference for all substrates in which the halogen is substituted (orange). The RDase proteins were identified via immunoblot analysis (25 lg cell protein per lane) using Strep-tag-specific antibodies. The 80 and 58 kDa bands of the protein standard are shown. The specific activities are represented as mean AE standard deviation from a maximum of four independent experiments.
reaction [4] . Exchanging the Arg357 in the mutant strains R357Q and R357K led to reduced PCE and TCE conversion rates (Fig. 6B) . While the presence of Gln still allowed for substantial PCE and TCE turnover, the replacement by Lys caused a drastic decrease in chloroethene conversion. The absence of a positive charge at all in R357E prevented product formation almost completely, underpinning the supportive role of a nearby amino group for proton transfer from Tyr298. Evidence has been presented before that Lys might serve as a stabilizer of the deprotonated Tyr in NpRdhA [5] , but could not be functionally replaced by Gln. An improper orientation of the amino acid side chain in the mutant R357K of DcaA might be the reason for the impairment of the enzyme function in this case. Surprisingly, the TBE conversion rate was 30 times higher in the R357K mutant compared with the wild-type protein.
The expanded space at the active site generated by the R357K exchange might enhance conversion rates for bigger substrates or selectively for brominated organohalides. Further side chain truncations in the R357Q and R357E mutants, however, led to a decrease of the elevated TBE activity again. About 35% of the TBE activity was still measureable in R357E lacking an amino group, compared to the R357Q analog indicating that a positive charge is not supporting TBE turnover to an extent observed for PCE and TCE. All PCE-RDases characterized so far harbor an arginine at this position [18] [19] [20] [21] [22] [23] [24] (Fig. S1) . In contrast, a lysine can be found in NpRdhA and the ortho-chlorophenol RDase of Desulfitobacterium dehalogenans, which both showed higher turnover rates for bulky brominated substrates rather than for their chlorinated analogs [5, 41] (Fig. S1 ). The involvement of proton transfer steps in the dihaloelimination reaction is rather unlikely due to the fact that no intermediates have been detected during substrate conversion. Nevertheless, the in silico structural model of DcaA showed a tyrosine and arginine residue at the same positions as in PceA. Replacing the Tyr298 in DcaA by Phe, which cannot supply a proton, led to a complete loss in conversion of halogenated ethenes, while the activities for the dihaloelimination of 1,2-DCA and 1,1,2-TCA were not affected. While the Tyr298 residue is the only putative proton donor in PceA, a threonine is located in close distance to the Tyr298 in DcaA, which might be an alternative source for protons. However, an additional exchange of Thr294 against Val in the Y298F mutant of DcaA still showed dihaloeliminating activity of 0.62 nkatÁmg À1 cell protein for 1,2-DCA. Hence, the decrease in the conversion rate seemed to be caused by other structural changes rather than a loss of the protonation capacity (see below). In this DcaA variant, no other putative proton-donating amino acid side chain was present in the active site, yet dihaloelimination reactions were detected. Although the possibility of proton donation by a water molecule in the active site cavity cannot be excluded completely, the results strongly support the assumption that no proton transfer step is involved in the dihaloelimination mechanism.
The halogen substitution mediated by DcaA was not completely disabled when Tyr298 was replaced by other potential proton donors, as it was shown for PceA. In DcaA, increasing the distance of the hydroxyl group from its original position in the mutants Y298H, Y298T and Y298S rather led to a stepwise decrease in PCE conversion rates to 4%, while the amount of DcaA was not altered in the mutant strains (Fig. 6C) . The same trend was also observed for the dihaloelimination, indicating an effect on substrate binding rather than a loss of the proton donor function. The exchange of Arg357 to Gln displayed a rather negligible effect on both mechanisms (Fig. 7A) . In addition, the positive effect on TBE conversion, as it was shown for the respective PceA mutant, was not observed in this case, indicating structural differences at the active sites of both enzymes leading to a different substrate positioning. The presence of the tyrosine and the arginine in dihaloeliminating RDases might reflect the general ability of these enzymes to catalyze also halogen substitution. The proton-donating function might be taken over by a histidine found at this position in several putative 1,2-DCA-dihaloeliminating RDases, e.g., in DcaA of Dehalobacter sp. WL [42] [43] [44] (Fig. S1 ). Whether these enzymes are also able to perform both mechanisms has not yet been tested. Until today, no PCE-converting RDase was found that lacks the tyrosine residue [18] [19] [20] [21] [22] [23] [24] . However, comparison of protein sequences revealed the replacement of the tyrosine by a cysteine or phenylalanine in RDases specialized on the halogen substitution at chloromethanes [14, 33, 34] (Fig. S1 ). The role of these alternative amino acids for the active site architecture and/or the catalytic mechanism remains to be elucidated.
Since the dimensions of the PceA or DcaA active site and the distances between the highly conserved tyrosine and the cobalt are similar in the in silico structural models, the different effects observed when the type of the proton donor changed are most probably caused by alterations in substrate positioning. The eminent importance of the substrate positioning at the active site became obvious in a previous study investigating the mode of the initial attack onto the substrate leading to halogen substitution [28] . PceA Smul places the substrates at a distance from the cobamide cofactor, and based on this finding, it was proposed that the enzyme attacks the substrate via long-range electron transfer [4, 28] . In contrast, NpRdhA attacks the substrate at the halogen substituent and forms a cobalt-halogen bond, which is allowed by an appropriate positioning of the organohalide toward the cobalt ion [5] . In a third case, compound-specific isotope analyses of dehalogenating cultures of Desulfitobacterium sp. strain Viet1 and Geobacter lovleyi strain SZ indicated a direct nucleophilic attack by [Co I ] onto the carbon atom, even though a dissociative single electron transfer could not be excluded [45] . The latter would require an intimate interaction of both reaction partners, but the actual positioning of the substrates at the active site of the enzymes involved is not known so far. Results obtained in a very recent study by Elsner et al. [46] , who applied dual-element isotope analysis, pointed out that an intimate interaction between both reaction partners might be a common theme in enzymatic reductive dehalogenation of chlorinated ethenes. However, data from electron paramagnetic resonance spectroscopy of PceA Smul equipped with various substrates did not support this assumption [28] .
Active site cavity of DcaA
The active site cavity of DcaA and PceA is mainly lined by aromatic amino acids such as tryptophan and phenylalanine. The Trp118 residue in DcaA is involved in encapsulating the active site cavity. Although Trp118 points with its side chain away from the active site as shown in the in silico structural model in Fig. 5C , the side chain orientation differed in separately generated models. It is also feasible that the indole ring is exposed toward the cobamide cofactor and that the benzene ring of the indol moiety is directly involved in active site formation of DcaA, as it was described for the crystal structure of PceA Smul [4] and for the in silico model of PceA (Fig. 5D) . When Trp118 was replaced by Phe in the W118F mutant, the overall reductive dehalogenation activity decreased drastically, while the DcaA amount in the crude extract remained stable (Fig. 7B) . Widening of the active site toward the top might result in a higher flexibility of the substrate's orientation and position in the cavity, which can have a negative effect on its conversion. While the Trp118 residue is frequently conserved in the protein sequences of PCE-and putative 1,2-DCA-converting RDases [18] [19] [20] [22] [23] [24] 43, 44] , enzymes specialized on aryl halides or chloromethanes show a higher variability at this position [5, 14, 33, 34, [47] [48] [49] [50] (Fig. S1 ). For halogenated ethenes and ethanes, a densely packed cavity seems to be crucial for correct substrate positioning and thus efficient conversion. The conservative exchange of Trp432, which is involved in forming one side of the active site Fig. 7 . Site-directed mutagenesis of amino acids involved in the architecture of DcaA's active site. (A) Specific activities were determined in crude extracts of Shimwellia blattae mutant strains that produced variants of DcaA. The conversion rate for 1,2-DCA in the recombinant wild-type DcaA was set to 100% and used as reference for all dihaloeliminated substrates (blue). In parallel, PCE conversion in the wildtype DcaA was set to 100% and used as reference for all substrates in which the halogen is substituted (orange). (B) The RDase protein in the crude extracts was identified via immunoblot analysis (25 lg cell protein per lane) using Strep-tag specific antibodies. The mutant strains N324L, C387S und C439S did not show any activity. The specific activities are represented as mean AE standard deviation from two independent experiments. The S. blattae (pdcaT) strain was used as negative control. n.d., not determined. cavity (Fig. 5C,D) , by Phe did not hamper the overall DcaA activity, but led to a shift in substrate specificity. While the conversion of 1,2-DCA and 1,1,2-TCA was not affected in W432F, TBE turnover increased by 44% reaching a final activity of about 0.47 nkatÁmg À1 cell protein (Fig. 7A) . In contrast, PCE and TCE conversion decreased by 45% and 94%, respectively. In this case, the widened active site cavity seemed to slightly shift the haloethene specificity toward bulkier molecules such as TBE and disfavored smaller molecules like PCE and TCE. Similar to the Trp118 mutant, the lack of stabilization by the indole ring in W432F might hamper correct positioning, here especially of smaller substrates such as TCE. The finding that the conversion rate of the larger chloroethanes compared to that of TBE was not increased might indicate a different positioning in the active site of DcaA. In RDases converting aryl halides, the tryptophan is mostly replaced by an arginine or phenylalanine, both amino acids providing more space for larger substrates [5, 16, 41, [48] [49] [50] [51] [52] (Fig. S1 ). The opposite effect was observed in the T294V mutant. Exchange of the Thr294 against the slightly larger Val slowed down conversion of the larger substrates 1,2-DCA, 1,1,2-TCA and TBE by a factor of 2.4-3.8, while TCE conversion increased 5.6 times (Fig. 7A) . In this case, already a slightly narrowed active site supports positioning and conversion of smaller molecules. While the overall RDase protein sequence does not allow for substrate predictions, the active site's architecture shows a high adaptation to its substrates and already conservative amino acid replacements change the substrate preferences. Especially His298 or K357 equivalents were found to be good indicators for either a specialization on dihaloelimination or a preference for larger brominated organohalides as substrates, respectively.
Cofactor binding in DcaA
The protein sequence of RDases does not encode for a typical cobamide-binding motif. In structural analysis, the cobamide cofactor was shown to be noncovalently bound to the protein backbone [4, 5] . The Asn324 residue in the active site is located within hydrogen bonding distance to the carboxamide side chain of the corrin ring and might be involved in binding of the cobamide cofactor. The feasibility of the Asn residue to participate in cobamide binding was already shown in the crystal structure of PceA Smul [4] . The DcaA mutant N324L completely lost its ability of reductive dehalogenation. An alteration of the cobamide content in the cells was excluded by testing for the abiotic conversion of 1,2-DBA that was not affected in comparison to other strains tested. However, none of the enzyme-dependent activities were measurable. The DcaA amount in the crude extract was detected by immunoblot that showed a weaker band compared to the wild-type enzyme (Fig. 7B) , indicating a degradation of the protein most probably due to a hampered cobamide incorporation and an improper folding of DcaA. Whether the cobamide cofactor is bound improperly or not bound at all in the N324L enzyme variant has to be analyzed with pure enzyme in further studies, in which other amino acids involved in cobamide cofactor-binding should also be tested. In the catalytic cycle, the cobamide cofactor has to be reduced with electrons from an external electron donor via the two cubane Fe-S clusters. The Fe-S cluster-binding motifs are highly conserved among all RDases. In the folded protein, the clusters are located between the surface of the protein and the active site, thus allowing for intramolecular electron transfer from the external electron donor to the cobamide cofactor [4, 5] . An identical positioning was also observed in the in silico structural model of DcaA (Fig. 5C ). Destruction of the [4Fe-4S] cluster proximal to the cobamide and the distal [4Fe-4S] cluster in the mutant strains C439S and C387S, respectively, completely hampered dehalogenating activity and showed weaker DcaA bands in the immunoblot (Fig. 7B) . The latter observation might again indicate degradation of misfolded protein. The proximal cluster is in close distance to both, the cobamide cofactor and the protein surface, and in principle would allow for an electron transfer in the C387S mutant that lacks the distal cluster. The absence of any detectable dehalogenating activity measured in the crude extract indicated that the reduced methyl viologen, which serves as external electron mediator in the assay, was not able to reduce the proximal [4Fe-4S] cluster directly or that the enzyme was not loaded with cofactors at all. The physiological electron donor interacting with the RDases in the organohalide respiratory chain is not known so far. Several models exist for S. multivorans and Dehalococcoides spp., which all involve exoplasmic as well as integral membrane proteins in the electron transfer chain [53] [54] [55] . It is unclear, whether the electrons enter the RDase at the distal or the proximal [4Fe-4S] cluster. To elucidate the exact route of the intramolecular electron transfer, spectroscopic studies with pure enzymes are required.
Conclusion
In this study, comparative functional analysis of PceA specialized on halogen substitution and the dihaloeliminating DcaA allowed for a clear separation between two types of dehalogenation reactions by means of involvement or nonparticipation of proton transfer steps. In addition, the presence of both types of reaction within a single RDase has been shown, thus, making predictions on the presence of a certain mechanism in a specific RDase difficult. In contrast to DcaA from D. dichloroeliminans DCA1, the chloroform and 1,1,1-TCA-RDase of Desulfitobacterium sp. strain PR [56] and an enrichment culture containing Desulfomonile tiedjei DCB-1 [57] were found to convert 1,1,2-TCA and 1,2-DCA in a halogen substitution reaction rather than via dihaloelimination. The trichloromethane RDase of Dehalobacter sp. strain UNSWDHB is even able to reduce a single substrate, 1,1,2-TCA, either via dihaloelimination to VC or via halogen substitution to 1,2-DCA [14] . From these observations and the results of the study presented, one has to assume that every cobamide-containing RDase can probably catalyze halogen substitution or dihaloelimination until a specialization most probably achieved by small alterations in the active site architecture has been proven.
Materials and methods

Bacterial strains, plasmids
Plasmids used in this study are presented in Table S1 . Shimwellia blattae (ATCC 33430) was used as heterologous expression host for the production of RDases. The mutant strains S. blattae (Strep-dcaApdcaT) and S. blattae (StreppceApdcaT) are derivatives of the wild-type strain carrying RDase and chaperone genes, which were introduced into the plasmid pASK-IBA63c-plus (IBA, G€ ottingen, Germany). The mutant strain S. blattae (pdcaT) carries exclusively the chaperone gene and served as negative control for RDase production.
Plasmid construction and transformation of S. blattae
All cloning steps were conducted according to standard techniques described in Sambrook et al. [58] . The genes encoding for DcaA (WP_015261904.1) and DcaT (WP_015261906.1) of D. dichloroeliminans DCA1 (synonym D. dichloroeliminans LMG P-21439) and PceA (BAC00915.1) of D. hafniense Y51 were amplified via PCR from purified genomic DNA. The DNA sequences of all primers used in this study are listed in Table S2 . Primers used to amplify the genes of interest contained restriction sites for selected endonucleases (for details, see Table S2 ). The primer T493 additionally contained the sequence encoding for a Strep-tag and an NheI site. The dcaA PCR product was cut with PciI/XhoI and cloned into the NcoI and XhoI sites of the pASK-IBA63c-plus plasmid. The dcaT PCR product was cloned downstream of dcaA into the XhoI and AfeI sites of the plasmid 'Strep-dcaA'. Finally, the tetpromotor region and ribosome-binding site of pASKIBA63c-plus was amplified, cut with XhoI/SalI, and additionally introduced into the plasmid 'Strep-dcaA_dcaT' upstream of dcaT using the XhoI site resulting in 'Strep-dcaApdcaT'. The dcaA gene was exchanged by pceA using the NheI and XhoI sites to generate the plasmid 'Strep-pceApdcaT'. For testing a negative control in expression experiments, dcaA was removed from the 'Strep-dcaApdcaT' plasmid by digestion with XbaI and religation of the plasmid. All constructs were transformed into competent cells of S. blattae (ATCC33430), whereby the ampicillin resistance cassette was used as selection marker. The validity of all plasmid constructs shown in Table S1 was confirmed by DNA sequencing. For site-directed mutagenesis, dcaA and pceA were amplified by overlap extension PCR [59] using primers, which contained the modified sequences. The genetically modified PCR product was cut with NheI/NcoI or NcoI/XhoI, ligated into the correspondingly digested 'Strep-dcaApdcaT' or 'Strep-pceApdcaT' plasmids and transformed into S. blattae. The presence of the desired mutation was again confirmed by DNA sequencing.
Cultivation of bacteria
For the heterologous production of the RDases together with DcaT, S. blattae strains were cultivated anaerobically in a defined mineral medium [16] in the presence of 0.02% yeast extract. Instead of 1 mL SL4, 0.2 mL of the SL10 trace element solution was added to the medium. The CoCl 2 concentration was adjusted to 8.66 lM using a 50-mM stock solution in ultrapure water. Glycerol (300 mM) was used as growth substrate and ampicillin (100 lgÁmL
À1
) was added. For each cultivation, an LB (Luria-Bertani, [59] )-grown preculture, which was cultivated overnight aerobically at 28°C, was used for inoculation of a 20 mL LB-preculture grown aerobically at 28°C for 7-8 h. From this second culture, a third preculture, which was grown anaerobically at 24°C on the defined mineral medium described above, was inoculated. The initial optical density at 578 nm (OD 578 ) was adjusted to 0.1. At an OD 578 of 1.2-2.1, the third preculture served as inoculum for the main culture [initial OD 578 = 0.02 for S. blattae (StrepdcaApdcaT) or OD 578 = 0.01 for S. blattae (Strep-pceApdcaT)]. For strains producing variants of DcaA, 10 lM 5-OMeBza was added to the main culture, and for strains producing modified PceA proteins 10 lM DMB was amended. Both benzimidazoles were added from sterile and anaerobized 5 mM 5-OMeBza or 4 mM DMB stock solutions in ultrapure water. The cells were cultivated at 18°C until an OD 578 of 0.2-0.4 was reached. Recombinant protein production was induced by the addition of 200 ngÁmL À1 anhydrotetracycline.
Shimwellia blattae (Strep-pceApdcaT) strains were harvested after 6 h by centrifugation (12 000 g, 10 min, 10°C) under aerobic conditions. Shimwellia blattae (Strep-dcaApdcaT) strains were harvested 18 h after induction. The cell pellets were stored at À20°C. For strain maintenance S. blattae was cultivated in LB medium and stored at À80°C in the presence of 15% glycerol.
RDase enzyme activity measurement and immunoblot
Activity measurements were performed with crude extract of the S. blattae strains. Therefore, cells of S. blattae were transferred into an anaerobic glove box (CoyLab, Grass Lake, MI, USA) and resuspended in anoxic 100 mM Tris/ HCl buffer (pH 8.0; 2 mL per 1 g wet cells) amended with protease inhibitor (cOmplete Mini EDTA-free Protease Inhibitor Cocktail; Roche Diagnostics, Mannheim, Germany). With the addition of an equal volume of glass beads (0.25-0.5 mm diameter, Carl Roth GmbH, Karlsruhe, Germany), the cells were disrupted in a bead mill (Mixer Mill MM400; Retsch, Haan, Germany) at 30 Hz for 10 min. The supernatant obtained after centrifugation (2560 g, 5 min), henceforth referred to as crude extract, was stored at À20°C. Enzyme activity measurements were performed in technical triplicates as described previously [28] . The amount of protein from crude extract applied in the assay ranged from 43 to 560 lg. Enriched enzyme was present in concentrations of 1.3-41 lg. To test for the abiotic conversion of the substrates the crude extract was incubated anoxically at 95°C for 15 min and protein debris was removed by centrifugation at 11 750 g for 5 min. The volume of heat-inactivated crude extract applied in the assay was the same as for the corresponding enzymatic activity measurement with native crude extract. After an incubation time of 20-60 min the reaction was stopped by oxidizing the remaining Ti(III) citrate with oxygen. The samples were transferred into GC vials and stored at À20°C. The conversion of halogenated ethenes and ethanes was monitored by gas chromatography [16] . Retention times were as follows: 1,1,2,2-TeCA 12.8 min; 1,1,2-TCA 9.4 min; 1,2-DCA 5.8 min; 1,2-DBA 10.0 min; 1,2-DFA 1.6 min; PCE 9.8 min; TCE 6.9 min; cis-1,2-DCE 4.3 min; trans-1,2-DCE 3.5 min; VC 1.7 min; ethene 1.35 min; TBE 13.7 min; cis-1,2-DBE 9.0 min. All chemicals used in this study were purchased in highest available purity from Sigma-Aldrich (Munich, Germany) or abcr (Karlsruhe, Germany). Whenever mutant strains were tested for activity, the corresponding wild-type strain was cultivated in parallel and included in the activity assays as a reference allowing for direct comparison of specific activities. Each mutant was cultivated at least twice independently from each other. [28] .
Generation of in silico structural models
The structural models of DcaA and PceA were generated using the I-TASSER server for protein structure and function prediction [36, 37] . The best threading template used for structure prediction was PceA Smul , which contains one norpseudo-B 12 and two [4Fe-4S] cluster. The topology of the metal cofactors in the structural models was automatically defined by the I-TASSER platform based on their positioning in the threading template.
Enrichment of Strep-tagged RDases
The recombinant Strep-RDases were purified via affinity chromatography using Strep-Tactin Superflow column material (IBA). All steps were performed in an anaerobic glove box. The cells of the S. blattae strains were resuspended in anoxic 100 mM Tris/HCl buffer (pH 8.0; 2 mL per 1 g wet cells) amended with protease inhibitor, disrupted in a French Press at 2000 Psi (French Pressure Cell Press; Thermo Fisher Scientific, Germany) and subjected to ultracentrifugation (100 000 g, 45 min, 4°C; L8-M Ultracentrifuge, Rotor Ti70; Beckman Coulter, Krefeld, Germany). The supernatant was transferred to a Strep-Tactin column and eluted with 2.5 mM desthiobiotin (IBA). The RDase was copurified together with the DcaT chaperone. The eluate was concentrated to about 300-400 lL and subjected to SDS/PAGE and activity assay as described above or stored at À20°C.
Cobamide extraction and analysis
The cobamide cofactor was extracted from crude extract of S. blattae strains and analyzed via HPLC according to a protocol reported by Keller et al. (2014) [61] . Cells were disrupted as described above in the RDase enzyme activity measurement section. The purified cobamides were analyzed via HPLC using a reverse phase column (Kinetex, 5 lM, C18, 100 A, LC column, 250 9 4.6 mm; Phenomenex, Aschaffenburg, Germany). Separation was performed via isocratic elution at 30°C using 14% methanol/0.2% acetic acid with a flow rate of 0.5 mLÁmin À1 .
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